Metal doping of bioactive glasses based on ternary 60SiO 2 -36CaO-4P 2 O 5 (58S) and quaternary 60SiO 2 -25CaO-11Na 2 O-4P 2 O 5 (NaBG) mol% compositions synthesized using a sol-gel process was analyzed. In particular, the effect of incorporating 1, 5 and 10 mol% of CuO and ZnO (replacing equivalent quantities of CaO) on the texture, in vitro bioactivity, and cytocompatibility of these materials was evaluated. Our results showed that the addition of metal ions can modulate the textural property of the matrix and its crystal structure. Regarding the bioactivity, after soaking in simulated body fluid (SBF) undoped 58S and NaBG glasses developed an apatite surface layer that was reduced in the doped glasses depending on the type of metal and its concentration with Zn displaying the largest inhibitions. Both the ion release from samples and the ion adsorption from the medium depended on the type of matrix with 58S glasses showing the highest values. Pure NaBG glass was more cytocompatible to osteoblast-like cells (SaOS-2) than pure 58S glass as tested by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. The incorporation of metal ions decreased the cytocompatibility of the glasses depending on their concentration and on the glass matrix doped. Our results show that by changing the glass composition and by adding Cu or Zn, bioactive materials with different textures, bioactivity and cytocompatibility can be synthesized. 
Introduction
Bioactive glasses and partially crystallized glass-ceramics are recognized as one of the most important biomaterials due to their high biocompatibility and positive biological effects after implantation, forming a direct bond to living bone [1] [2] [3] . Sol-gel processing has a number of advantages over traditional melt-quench methods of inorganic biomaterials, such as higher purities and homogeneities, lower processing temperatures, broader ranges of bioactive compositions, higher specific surface areas and rates of apatite layer formation, faster bone bonding, and better degradability and in vivo resorption [4, 5] . Moreover, sol-gel allows the easy incorporation of different inorganic ions into the structure of the glasses such as those based on calcium (Ca), phosphorous (P), silicon (Si), copper (Cu), zinc (Zn), boron (B), strontium (Sr), cerium (Ce), vanadium (V), cobalt (Co) and magnesium (Mg) [6] [7] [8] . These ions have a physiological role in angiogenesis and in bone metabolism [7, 8] , and they can be enzyme cofactors influencing therefore the metabolic signal patterns during tissue formation [9] . Moreover, these ions exhibit various advantages as compared with organic biomolecules (e.g. growth factors) such as low risk of decomposition during the typical manufacturing conditions required for production of inorganic scaffolds and high ability to interact with other ions altering biological functions [6] . In particular, Cu +2 and Zn +2 ions can be considered as good candidates for the development of doped bioactive glasses due to their osteogenic, angiogenic and antibacterial characteristics despite the fact that both ions have been barely studied in these systems [8] .
Zn is an important trace element in the body playing a critical role in various functions such as the synthesis of nucleic acids (DNA and RNA). Furthermore, Zn inhibits osteoclast differentiation, plays an important role in the bone formation and shows anti-inflammatory and anti-bacterial effects [7, 8, [10] [11] [12] [13] [14] . The incorporation of Zn into bioactive glasses produces higher chemical stability and densification of glasses matrices [15] . However, the effect of Zn on the in vitro bioactivity is not consistent as some studies found that this ion does not affect this property [16] , whereas other studies showed an inhibitory effect [17] [18] [19] . Therefore, more research about the bioactivity of Zn-doped glasses is necessary.
Cu otherwise is essential for human life forming part in enzymes of great importance for the normal functioning of the body [20] . It is an angiogenic agent because of increases the expression of pro-angiogenic and growth factors (VEGFs), enhances the in vivo angiogenesis, and stimulates the human endothelial cell proliferation [12, [21] [22] [23] . Cu has been incorporated in various materials used in biomedical applications showing anti-bacterial and angiogenic properties, and a role in collagen deposition, cellular activity and proliferation of osteoblasts [11, [24] [25] [26] [27] . The in vitro bioactivity of Cu-doped glasses was dependant on the concentration of metal ion incorporated which inhibited the formation of apatite at higher concentrations [24, 25] . Similar to what was observed in Zn-doped glasses, the incorporation of Cu also increased the chemical durability and mechanical strength of the glasses [25] and promoted an anti-inflammatory prophylactic effect [11] . Recently, our research group prepared Cu-doped glasses by sol-gel showing anti-bacterial properties against E. coli and S. mutans bacteria [26] . These results suggest that Cu has interesting multifunctional properties for use in regenerative medicine.
Despite the above mentioned, more studies relating the microstructure and the composition of Cu and Zn-doped bioactive glasses with their ion release during dissolution and biological performance, are necessary. This is even more relevant as there is a lack of studies comparing the effect of Zn +2 and Cu +2 ions in sol-gel based bioactive glasses. The objective of this study is to synthesize ternary and quaternary sol-gel bioactive glasses doped with different concentrations of Zn and Cu. A comparative study was conducted on the effect of these ions on the microstructure of the glasses and the ability to form an apatite surface layer after soaking in simulated body fluid (SBF). The release of these metal ions from the bioactive glasses and its cytocompatibility with osteoblast-like cells was also evaluated.
Materials and methods

Sol-gel synthesis
The compositions and codes of the different samples are displayed in table 1. The glasses were synthetized by solgel process using as precursors tetraethyl orthosilicate (TEOS, Aldrich, 98%), triethylphosphate (TEP, Aldrich, 99.8%), sodium nitrate (Riedel-de Häen, 99.5%) and calcium nitrate tetrahydrate (Merck, 99%) for the undoped glasses. For the metal-doped glasses either copper nitrate trihydrate (Merck, 99.5%) or zinc nitrate tetrahydrate (Merck, 98.5%) were used. The hydrolysis of TEOS and TEP was catalyzed with a 0.1 M solution of HNO 3 using a molar ratio (HNO 3 +H 2 O)/(TEOS+TEP) of 8. The sol was obtained from the hydrolysis of TEOS, adding the other reagents sequentially to obtain the specific composition displayed in table 1. with 45 min intervals under constant stirring. When the last reagent was added, the mixture was stirred for 60 min. The resultant sols were poured into high density polyethylene vessels and stored for 3 d at room temperature. After this period, the gels were dried at 60 °C and 130 °C for 3 and 2 d, respectively. The dried gels were crushed in an analytic mill and placed in ceramic crucibles for heat treatment in an electric furnace under oxidizing atmosphere (air) at 700 °C. Finally, the resulting powder was manually milled in an agate mortar, and then it was sieved through a 200 mesh sieve (<75 µm), selected and characterized.
Glass particles characterization
Mean particle size of sol-gel powders was determined by laser diffraction analysis, using a Mastersizer 2000 (Malvern Instruments, USA) granulometer. The specific surface area and pore volume and size of the particles were measured by nitrogen adsorption in a Micromeritics ASAP 2010 sorptometer at −196 °C using the Brunauer, Emmett and Teller and Barrett, Joyner, and Halenda methods. Samples were previously pretreated at 200 °C in vacuum for 2 h. The structure and the phases present in the glasses were analyzed by a Bruker model D8 Advance x-ray diffractometer (XRD) using a lineal detector LynxEye, CuKα radiation λ = 1.5418 Å, nickel filter system and variable slit. The diffractometer was operated at 40 kV and 30 mA at a 2θ range of 20-50°, using coupled scanning with a step size of 0.02° s −1 .
In vitro bioactivity evaluation and dissolution in SBF
To evaluate the bioactivity of the synthesized glasses, in vitro tests were performed according to the method . During the tests, the samples were in contact with the SBF solution for periods of 1, 7 and 14 d at 37 °C. Then, the samples were removed from their bottles and washed with acetone. Finally, the dried powders were characterized using XRD, Fourier transform infrared attenuated total reflectance spectroscopy (FTIR-ATR, Agilent Technologies model Cary 630) and scanning electron microscopy (SEM) with x-ray microanalysis (SEM/EDS, FEI model Quanta 250) to evaluate the formation of a calcium phosphate (CaP) layer on their surface. For SEM analysis samples were coated with a gold layer and then analyzed. Concentrations of Ca +2 and − PO 4 3 ions in the SBF after glass particle dissolution were analyzed for each testing time to relate them with the bioactivity evolution. Measurements of Ca +2 ions were performed using an atomic absorption spectrometry (AAS, Perkin Elmer 1100 B spectrophotometer). Total − PO 4 3 ions were measured by colorimetry using a vanadate-molybdate solution and the absorbance measured at 400 nm. The result were expressed as mean ± standard deviation (SD) for n = 3.
Cu
+2 and Zn +2 ion release and pH changes Cu +2 and Zn +2 ion release and pH changes were evaluated by immersing bioactive glasses in a cell culture media Dulbecco's modified Eagle's medium (DMEM/F12, Gibco ® by life technologies) to relate it with the glass cytocompatibility. Glass powders were added to the culture medium at a concentration of 0.01 g ml −1 . The samples were placed in an incubator shaker (Zhigheng, model 100B) at 200 rpm and 37 °C during 1, 3, 7 and 14 d. The concentrations of ions within the culture medium were measured using AAS. pH changes for each testing time were measured with a pH meter (Jenco Electronics Ltda, model 1671). The results were expressed as mean ± standard deviation (SD) for n = 3.
In vitro cytocompatibility
Cy totoxicit y of the bioactive g lasses was evaluated by 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (USB Corporation, USA) as per standard protocol to assess cell viability [29, 30] . Briefly, the method is based on the ability of living cells to reduce tetrazolium salts into formazan derivatives. Human osteosarcoma cell line (SaOS-2) was seeded in DMEM/F12 supplemented with 10% fetal bovine serum (FBS), gentamicin (40 mg l −1 ) and 1 µl ketokonazol (5 mg ml −1 of phosphate buffer solution (PBS)) ml −1 culture media, at a density of 5 × 10 3 cells per well (150 µl of culture media). The bioactive glasses samples, sterilized by autoclave and UV light during 30 min, were immersed per well in a material mass to culture media volume ratio of 0.01 g ml −1 . After 24 h of culture in an incubator at 37 °C and humidified atmosphere (5% CO 2 in 95% air), the previous culture media was removed and each well washed with a PBS. 100 µl of media with MTT (80 µl of MTT (5 mg ml −1 ) per ml of DMEM/F12 without FBS) was added to each well and incubated during 3 h. After incubation the media containing MTT was removed from the 96-well plate and 200 µl of isopropyl alcohol was added per well to dissolve the formazan crystals. The optical density of the solution was measured at 540 nm by a microplate reader (Titerket ® Multiskan ® MCC/340, MKII) and cell viability calculated. The MTT assay per each bioactive glass was performed with n = 6 and three independent experiments. The cells cultured with DMEM/F12 media acted as control.
Results and discussions
Textural and microstructural characterization of glass particles
The properties of the glass particles synthesized by sol-gel are shown in , respectively) although the pore sizes were similar for both glasses. These differences are related with the presence of Na 2 O in the quaternary system decreasing the melting point and generating therefore a sintering processes between primary particles during the treatment at 700 °C [31, 32] . X-ray diffractograms (XRD) displayed in figure 1 show that both 58S and NaBG glasses presented mainly amorphous structure. However, the NaBG glass displayed a broad peak around 2θ = 32° likely corresponding to a partial crystallization of an apatite-like phosphate (silicorhenanite, Na 2 Ca 4 (PO 4 ) 2 SiO 4 ) or calcium silicate (Ca 2 SiO 4 ) ( figure  1(b) ). This partial crystallization has been observed in other quaternary glasses after calcination process [32, 33] . The presence of calcite (CaCO 3 ) in NaBG was further observed with its main peak at 2θ = 29.5°. The effect of Cu and Zn on the textural properties and microstructure of the doped glass matrices depended on their compositions. The incorporation of Cu and Zn increased the surface area and the pore volume of 58S as reported previously [34, 35] whereas an opposite effect was observed in NaBG-based glasses in agreement with previous studies about the incorporation of Zn [17, 36] and Cu [25, 37] in silicate glasses [17] . XRD from figure 1 showed that the incorporation of Cu generated copper oxide (CuO) in both glasses (58S and NaBG) as peaks at 2θ = 35.6° and 38.8° were developed. The presence of CuO crystals in these systems depends on both the conditions used during the sol-gel process and the amount of copper added, and it appears together with homogeneous dissolved Cu ions, as reported previously [26, [37] [38] [39] . The incorporation of Cu in NaBG promoted the formation of an apatite-like phase together with Ca 2 SiO 4 crystals and at the highest amount of Cu (10Cu-NaBG) the formation of cristobalite (SiO 2 ), coesite (SiO 2 ) and calcium silicates (Na 2 Ca 3 Si 6 O 16 , Na 2 CaSiO 4 , CaSiO 3 , Ca 2 SiO 4 ) was favored, meaning a glass-ceramic material. This formation of the apatite-like phase (silicorhenanite), before immersion in SBF (as-prepared), and the other crystalline phases could be explained by the formation and separation of crystalline phases induced by Coulombic repulsions of the Cu +2 ions with the other modifier ions (Ca +2 and Na + ) as has been reported previously for silicate glasses [25, 40] . This Coulombic repulsions are due to the high ionic potential of the Cu +2 ions and the octahedral coordination (CN = 6), which make to the Cu +2 ions a true network modifiers and this further produce immiscibility and phase separation [40, 41] . The incorporation of Zn in 58S did not generate any new crystalline phases while in NaBG the initial crystallization of apatite and Ca 2 SiO 4 was inhibited. These results show that the final microstructure of these glasses depends on the metal used and the composition of the glass matrix.
Apatite-forming ability and dissolution after soaking in SBF
58S and NaBG glasses presented in vitro bioactivity after immersion in SBF as confirmed by XRD and FTIR results (figure 2) showing apatite layer formation after soaking times of 1, 7 and 14 d. 58S glass (figures 2(a) and (b)) developed a CaP phase formed by crystalline apatite (HA) showing peaks at 2θ = 25.9° and 32° (figure 2(a)) after the first day of soaking [26] . As time elapsed, the HA layer on the surface of the sample increased as concluded by both the larger intensity of its original peaks and the new characteristic peaks at 2θ = 46.7° and 49.5° [26] . The bioactivity was also evidenced by FTIR spectra (figure 2(b)) with the appearance from the first day of soaking, of the bands at 562 and 602 cm −1 associated with the anti-symmetric bending of the P-O bond of the apatite crystal [42] . The band around 1060 cm −1 corresponding to the anti-symmetric stretching of the P-O bond was also observed in figure 2(b) [25, 38, 39] . The diffractogram of NaBG displayed in figure 2(c) also showed the appearance of the characteristic peaks of HA after the first day of soaking in SBF. However, an improved crystallization of HA was observed in this sample as another characteristic peak appeared at 2θ = 39.7° increasing its intensity as time elapsed. At 14 d of soaking, the main peak of CaCO 3 at 2θ = 29.5° increased its intensity while new CaCO 3 peaks were developed showing adsorption of carbonates groups from SBF. The bioactivity of the NaBG was also followed by FTIR ( figure 2(d) ) confirming XRD results due to the appearance of the doublet at 562 and 602 cm −1 . The formation of a HA layer on the surface of 58S and NaBG glasses after soaking in SBF was further corroborated by SEM and energy dispersive x-ray spectroscopy (EDS). Figures 3(a) and (b) shows the formation of spherical particles or granules on the surface of the glasses that is the characteristic morphology of apatite crystals formed by biomineralization [43] [44] [45] . NaBG glass presented both more and larger granules on the surface than 58S glass showing differences in the apatite formation and its morphology. The higher porosity of 58S permitting the formation of smaller apatite crystals could explain this behavior. Values coming from EDS between 1.5 and 1.8 for the Ca/P atomic ratios of these surface layers (data not shown) were around the stoichiometric ratio reported for HA (1.67) [46] . Similar ratios have been reported for apatites having bioactivity and ability to bind to bone [38, 47, 48] . These results showed therefore that undoped 58S and NaBG glasses have high in vitro bioactivity and the potential ability of binding to bone tissue.
Bioactive glasses during soaking in SBF suffer dissolution processes releasing different ions [2, 9] . The apatite layer formed on the surface of silicate-based glasses is consequence of the diffusion-out of Ca +2 from the glass surface and subsequent migration of Ca +2 and − PO 4 3 ions on an amorphous silica layer formed in the glass surface, according to the reactions proposed by Hench [2] . Figure 4 shows the concentration of Ca +2 and − PO 4 3 ions in SBF after soaking 58S and NaBG glasses for 1, 7 and 14 d. The release of Ca +2 ions from 58S-derived glasses was larger than those from NaBG-derived glasses (figures 4(a) and (b)) because of their higher surface areas and pore volumes facilitating dissolution processes (table 1) . This effect was also concluded previously by observing that an increased specific surface area promotes the glass dissolution and the ion release of bioactive glasses [42, 49] . The Ca 2 SiO 4 and CaP crystals formed during the synthesis of NaBG stabilizing a part of Ca +2 ions in the glass should be further taken into account. Regarding the dynamic of phosphorous ions ( −  PO 4 3 ), its initial concentration in SBF was reduced as time elapsed showing an adsorption process (figures 4(c) and (d)). Undoped 58S and NaBG glasses adsorbed greater amount of − PO 4 3 from SBF during the first day with six times higher adsorption in 58S sample due to its larger surface area.
After soaking the particles in SBF, a relevant effect of the incorporation of Cu and Zn on the apatite formation was observed depending on the metal ion and matrix composition, as displayed in figure 5 . The results of both XRD after immersion in SBF and the ion release showed that the incorporation of Cu and Zn affects the durability or chemical stability of the doped glasses. This conclusion is based on the formation of new crystal phases together with the generation of a glass structure with higher network connectivity, both characteristics having as consequence a lower dissolution process and the inhibition of the conversion from amorphous CaP to HA by the lower diffusion of Ca +2 and − PO 4 3 ions [18, 25, 34, 50, 51] . Although the diffractograms were performed in samples soaked at different times up to 14 d, for clarity the figure 5 displays results only for tests lasting 7 d as at shorter and longer times the samples displayed the same tendency. The presence of Cu in the 58S glass decreased the ability to form surface crystalline apatites for all percentages of metal incorporated ( figure 5(a) ) as concluded by the lower intensity of the HA peaks after immersion in SBF. The competition between Cu +2 and Ca +2 ions in solution for the precipitation of phosphate species can explain the lower bioactivity of the doped glasses [25, 35] . For the incorporation of Cu in the NaBG glass ( figure 5(b) ) otherwise did not significantly affected the formation of HA. Calcium silicates (Na 2 Ca 3 Si 6 O 16 , Na 2 CaSiO 4 , CaSiO 3 , Ca 2 SiO 4 ) from 10Cu-NaBG suffered dissolution during the soaking in SBF decreasing their characteristics peaks. Cristobalite and CuO crystals were more stable in SBF without appreciable dissolution. SEM images from 1Cu-58S and 1Cu-NaBG samples at 7 d of immersion in SBF (figures 3(b) and 3(c)) confirmed the formation of crystal apatite with the typical topography in accordance with other studies [52] . These differences between the crystal apatite morphology from Cu-doped glasses and those from undoped glasses could be explained by a possible incorporation of Cu into the apatite crystal lattice as have been reported previously [41] , modifying both the lattice parameters and the crystal growth. For instance, if exist a substitution of Cu with Ca become important the difference in ionic radius (Cu +2 = 0.72 Å and Ca +2 = 0.99 Å) and charge [50, 53] . However, it seems that the incorporation of Cu into the HA structure depend on the characteristic of the glass as in Cu-doped borate glasses evidence of this incorporation was not found [50] .
By incorporating Zn into both 58S and NaBG (figures 5(c) and (d), respectively) the formation of crystal apatites was also inhibited showing structures mainly amorphous during the different soaking times as reported previously [34, 54, 55] . Similar to the case of Cu-doped glasses, this inhibition can be also due to the substitution of Zn +2 for Ca +2 ions during apatite formation causing changes in the crystals by the difference in atomic radius (0.74 Å for Zn +2 ) as it was demonstrated previously [56] . However, unlike glasses with copper, other effects caused by Zn such as structural stabilizing, as will be discussed later, can further cause the inhibition of the growth of apatite. The presence of 5 and 10 mol% of ZnO in NaBG promoted the formation of CaSiO 2 and cristobalite. SEM images from 1Zn-58S and 1Zn-NaBG at 7 d of immersion in SBF (figures 3(e) and (f)) did not show any evidence about the formation of apatite on the glass surfaces confirming the XRD results. Based on these results, we concluded that the in vitro bioactivity of glasses was less affected by Cu than by Zn. The effect of these metal ions on the bioactivity of the glasses was further confirmed by FTIR showing the same tendency that XRD results (data not shown).
The incorporation of Cu and Zn into 58S and NaBG glasses generated a lower amount of Ca released than undoped glasses with larger reductions coming from samples doped with Zn (figures 4(a) and (b) ). In particular, the incorporation of these metals decreased the high release rate observed during the first day of soaking generating therefore a more controlled release. This controlled release of Ca +2 ions, especially at short times, can be related with the larger chemical stability and density of metal doped glass structure (higher network connectivity), thereby diminishing the dissolution and ion release [25, 51] . The metal based structural stabilization was also reflected in the adsorption of − PO 4 3 in both doped matrices with NaBG-derived glasses having lower adsorption of − PO 4 3 than 58S-derived glasses due to their lower surface area and higher crystallization. This chemical stability and low ion release of the glasses were larger in Zn-doped samples than in Cu-doped samples and it can be further related with the reduced apatite surface formation (NaBG based glasses) or its complete inhibition (58S based glasses) in Zn-doped glasses. These results can be explained considering the amphoteric characteristic of Zn +2 ions (4-fold and 6-fold coordination), which suggests that can have either tetrahedral coordination as the Si (network former) or octahedral coordination as a network modifier [40] . When Zn +2 ions participate as a network former, the polymerization degree or network connectivity associated with the formation of Zn-O-Zn and Si-O-Zn bonds is enhanced [51] . Have been showed that the geometries of the Zn tetrahedra present longer cation-oxygen distances and smaller angles with respect to the Si tetrahedra and to the interconnected Si-Zn tetrahedra, thereby reducing the volume between linked tetrahedral units producing a more dense and stable glass structure [36] . When Zn +2 ions otherwise act as network modifier replacing to Ca +2 ions the glass structure will also be strengthened since the ionic radii of Zn +2 are smaller than that of Ca +2 and Zn-O bonds are stronger than Na-O and Ca-O bonds, decreasing the ion release [51] . For the case of Cu +2 ions, these have an octahedral coordination and participate only as network modifier [41] . This behavior makes that Cu +2 ions have more mobility and generate glass structures less chemically stable and dense than that generated by Zn +2 ions.
3.3.
Releasing of Cu +2 and Zn +2 ions and pH changes in culture medium Figure 6 shows the release of Cu +2 and Zn +2 ions from the particles to the culture media (DMEM/F12) in order to related their release with the cytocompatibility to osteoblast SaOS-2. The release depended not only on the type of bioactive glass but also on the metal used as the amount of Cu +2 ions released was at least 10 times larger than Zn +2 ions for both glasses (58S and NaBG). The release of Cu +2 ions from 58S-derived glasses ( figure 6(a) ) was faster than NaBG-derived glasses ( figure 6(b) ) during the first day of soaking due to their high specific surface area and amorphicity allowing an increased dissolution. As time elapsed, the release rate of Cu +2 ions from 58S-derived glasses was decreased. The release of Cu +2 ions from NaBG-derived glasses (figure 6(b)) otherwise had a gradual increase up to 14 d.
The release of Zn +2 ions from 58S-derived glasses had a faster increase during the first day of soaking increasing the ion concentration in SBF although at longer times this was decreased ( figure 6(c) ). This decrease of the Zn +2 ion concentration in SBF after the first day of soaking was marked in 5Zn-58S and 10Zn-58S glasses while in 1Zn-58S the release of Zn +2 ions was almost zero during the whole soaking time. The formation of Zn(OH) 2 after the first day of soaking from dissolved Zn +2 ions in the media could explain this behaviour as previously reported [11] . The release of Zn +2 ions from NaBG-derived glasses (figure 6(d)) had a different kinetics ( figure 6(c) ). In sample with low amount of metal (1Zn-NaBG), an initial fast release followed by a stabilization at long times is observed meanwhile in samples with the highest amount of Zn (5Zn-NaBG and 10Zn-NaBG) a gradual release is displayed. The differences between the release of Cu +2 and Zn
+2
ions from 58S and NaBG glasses could be due to differences in atomic radii and electronegativities of these metals generating different interactions with the nonbridging oxygen of the silicate tetrahedrons [11, 54] . For instance, as discussed above, Zn can strongly bind to the vitreous network forming tetrahedral structures as similar as Si, diminishing its release [35] whereas no evidence of Cu-O-Si bond formation and no connection of the Cu to the glass network has been found [57] . The weaker bond of Cu within of the glass structure might explain the higher release of Cu than Zn. Liu et al [50] . also found that the Cu +2 ion release was higher than that of Zn +2 ions for microfibers of the 13-93B3 borate glass co-doped with 0.4wt.% of CuO and 1wt.% of ZnO, which is consistent with our results.
The pH behavior is a relevant variable as cells are highly sensitive to changes in the physiological media (pH = 7.4). In general, bioactive glasses increase the pH of the medium by exchanging Ca +2 and Na +2 ions from the glass surface with H + from the media [2] . According to figure 7, 58S glass generated a greater increase in pH than NaBG glass which can be explained by both the larger surface area and the lower crystallinity of 58S glass generating high ion release. These results showed that 58S-derived glasses could be more cytotoxic than NaBG-derived glasses because of the pH effect. 58S and NaBG glasses doped with low incorporation of Cu and Zn (1 mol% of CuO and ZnO) produced larger pH increase than undoped glasses. However, at higher metal incorporations (5 and 10 mol% of CuO or ZnO) the pH was lower than the undoped glasses. Both the lower amount of Ca in the doped glasses as replaced by the metal [25, 38] and the larger crystallization and network interconnectivity of the doped glasses, could explain the lower Ca
and Na + ions release avoiding an increased pH. The changes in pH by doped glasses further depended on the type of metal incorporated as Zn-doped glasses produced lower pH values than Cu-doped glasses. This was due to the more stable glass structure generated by addition of Zn which diminished the Ca +2 and Na + ions release.
Cytotoxicity test
The viability of SaOS-2 cells after exposure during 24 h to bioactive glasses is shown in figure 8 . Undoped 58S glass was cytotoxic (viability around 50%) while NaBG glass did not show significant difference with control (viability around 95%). This confirms the strong effect of the higher release of cations (Ca +2 ) from 58S glass generating a higher pH and therefore becoming toxic as previously reported for osteoblast (SaOS-2) and fibroblasts [34, 58] . Although, 58S glass is a well characterized materials, results about its cytotoxicity are contradictory as it depends on several parameters, such as: time of measurement, type of cells, concentration and pre-treatments of the glass, among others. For instance, Mortazavi et al [58] also reported toxicity to 24 and 48 h of contact between a ionic extract from 58S glass and the cells, but after 72 h the cell viability increased. Other studies have reported low or neither toxicity of the 58S glass, which can be explained by both the use of lower concentrations of glass or ionic extracts than our study (0.01 g ml −1 ) [49] , or the pre-treatment of the glass by immersion in culture medium previous to seed the cells, in order to avoid high ion release and pH increase during early times of culture [59] . The incorporation of either Cu or Zn to 58S glass generated even more cytotoxicity than undoped 58S glass with Cu +2 ions generating the highest toxicities reaching about 10% of cellular viability. The cytocompatibility of Cu and Zn-doped NaBG glasses otherwise depended on both the type of metal ion and their incorporation. For instance, 1Cu-NaBG glass was not cytotoxic (around 94% of viability) while 5Cu-NaBG and 10Cu-NaBG glasses showed similar cytotoxicity (around 18% of viability for both glasses). The cytotoxicity of Zn-doped NaBG glasses also depended on the concentration of metal ion. 1Zn-NaBG and 5Zn-NaBG glasses were not cytotoxic meanwhile 10Zn-NaBG glass was cytotoxic decreasing the viability about 50%.
Previous results indicate that the toxicity in these systems relates with the metal ion concentration existing threshold as reported for Cu [11, 37, 60, 61] and Zn [10, [62] [63] [64] doped glasses. In our case, both Cu-doped (1Cu-58S, 5Cu-58S, 10Cu-58S, 5Cu-NaBG and 10Cu-NaBG) and Zn-doped (1Zn-58S, 5Zn-58S, 10Zn-58S and 10Zn-NaBG) glasses were cytotoxic releasing more than 11.7 and 3.5 ppm at 1 d, respectively. Samples 1Cu-NaBG, 1Zn-NaBG and 5Zn-NaBG were not cytotoxics releasing less than 3.0 ppm at 1 d. Based on these results a cytotoxicity threshold around 3.0 ppm for both metal ions can be stated. Above this threshold more than 30% of reduction in cell viability can be observed according to cytotoxicity criteria from standard ISO 10993:5 [29] . Because of the Zn +2 ions were released in much less amount than the Cu +2 ions from glasses a direct determination of the effect of the type of metal ion on the cytotoxicity for the same degree of incorporation, was not possible. However, the amount of Cu +2 ions released from 1Cu-NaBG glass was similar to the amount of Zn +2 ions released from the 5Zn-NaBG glass at 24 h (around 3.0 ppm) and both glasses were not cytotoxic. The cytotoxicity caused by the Cu +2 ions is related to the production of reactive oxygen species (Fenton type reaction) generating oxidative denaturation of proteins, peptides, DNA and phospholipids [11, 65] . In the case of Zn +2 ions, the mechanism is not yet clearly understood since its ion could not induces oxidative stress as it do not have a redox potential to generate radical species [64] .
Because of 1Cu-NaBG and 1Zn-NaBG glasses were not cytotoxic, a glass co-doped with 1 mol% of CuO and 1 mol% of ZnO (1Cu1Zn-NaBG) was prepared seeking a potential therapeutic synergy between both ions. In vitro bioactivity, ions release and cytocompatibility were evaluated as shown in figure 9 . The co-doped glass showed good bioactivity as the characteristic peaks of apatite layer after the first day of immersion in SBF appeared ( figure 9(a) ). This result was confirmed by the presence of apatite granules observed in SEM images ( figure 9(b) ). The release of Cu +2 and Zn +2 ions in the media ( figure 9(c) ) was given in a controlled manner with a low initial ion release and then a sustained release avoiding a possible toxic effect and also allowing a longterm duration of ion release. This was confirmed by the cytotoxicity test to osteoblasts after 24 h of contact ( figure 9(d) ) showing that 1Cu1Zn-NaBG glass present high cell viability for an ion release of 0.52 ppm of Cu . This release values are lower than the cytotoxicity threshold (3.0 ppm) stated previously, validating this value. 1Cu1Zn-NaBG glass was therefore bioactive and no cytotoxic to SaOS-2 cells according to cytotoxicity criteria above described, allowing the conclusion that can be a potential therapeutic and anti-bacterial biomaterial due to the combination of the beneficial effects of Cu (angiogenic agent) and Zn (osteogenic agent). However, more studies are necessary to evaluate the biocompatibility of this glass for specific bone regeneration applications.
Conclusions
Ternary and quaternary sol-gel glasses doped with Cu and Zn were prepared and characterized allowing the conclusion that these metals can modulate the microstructure and textural properties of the glasses. Undoped 58S and NaBG glasses showed a surface hydroxyapatite layer after soaking in SBF reflecting their bioactivity and bone bonding ability. Metal ions inhibited the growth of apatite layers depending on the type of glass, the metal ion, and its concentration, with Zn-doped glasses showing the largest decreases especially at high concentration. The ion release and the pH change in the media also depended on the glass used with higher dissolutions observed in 58S than NaBGderived glasses. By incorporating Cu +2 and Zn +2 ions, more stabilized glass structures were formed making more difficult the glass dissolution and the ion release, with Zn-doped glasses showing larger structural stabilization than Cu-doped glasses.
Pure 58S glass was cytotoxic to osteoblasts cells SaOS-2 (viability around 50%) while NaBG glass did not show significant difference with control (viability around 95%). In doped glasses, the toxicity was related with the metal ion concentration in the media with Zndoped glasses having higher cellular viabilities than Cudoped glasses. NaBG glasses doped with 1 mol% of CuO or ZnO and co-doped with 1 mol% of CuO and 1 mol% of ZnO (1Cu1Zn-NaBG) did not show cytotoxicity. 1Cu1Zn-NaBG glass was a bioactive and no cytotoxic glass, allowing the conclusion that can be a potential therapeutic and anti-bacterial biomaterial due to the combination of the beneficial effects of Cu (angiogenic agent) and Zn (osteogenic agent). However, more studies are necessary to evaluate the biocompatibility of this glass for specific bone regeneration applications.
Our results show that by changing the glass composition and by adding Cu or Zn, bioactive materials with different textures, bioactivity and cytocompatibility can be synthesized. These glasses therefore might be used in bone regeneration, for instance as a filler in polymer matrices with potential properties such as osteogenesis, angiogenesis and bacterial control. 
